We study coherent backscattering (CBS) of resonant light by cold atomic vapors, both experimentally and theoretically. The theory predicts a drastic reduction of the CBS enhancement factor when a degenerate internal structure is present in the ground state. We test this prediction in experiments using different atoms and various transitions.
INTRODUCTION
The study of quantum transport is a very active field of research including, beyond mesoscopic 1 and nanoscopic physics, the study of photonic crystals 2, 3 as well as the propagation of waves in random media. 4 One particular aspect is localization, i.e., the inhibition of coherent transport as the result of interferences. This effect can be achieved either with well-structured systems, which has led to the field of photonic crystals, or with random systems in which a disorder-induced phase transition connects conducting systems to insulating systems. In both cases the degree of dimension of the system has a strong influence on the localization criterion.
In onedimensional systems localization in well-structured media corresponds to the well-known Bragg reflection. For one-dimensional random systems, localization is also expected to occur even for very small disorder. In these one-dimensional systems, the system size needs to be larger than a characteristic length, depending on reflection coefficients and disorder. The three-dimensional case is very different, as now one expects a critical reflection coefficient for well-structured systems and a critical disorder for random systems for the localization to occur. This made the experimental and theoretical investigation of three-dimensional systems more challenging, and many questions are still not clearly answered. The underlying physics is very similar for various waves: acoustic, electronic, electromagnetic, seismic, and neutral-atom matter waves. 5 However, differences appear when one takes into account the precise dispersion relation and the tensor nature of the wave and the interaction in the case of electrons. Electromagnetic waves present several advantages for the study of the fundamental properties of localization that made this field of research very attractive in recent years. With respect to experimental and theoretical progress, the well-structured systems have been understood to a large extent, and experimental devices can now be produced in the visible domain. For dis-ordered systems, however, only one observation 6 of the disorder-induced transition in three dimensions has been reported, with further investigation required because of possible residual absorption. 7, 8 As disordered atomic systems are free from many defects inherent to solid state samples, we have therefore chosen to study wave transport of light in such systems. The first experimental observation of coherent backscattering (CBS), which shares common features with weak localization, was reported in 1999. 9 This opened the way for more experiments to follow. [10] [11] [12] [13] [14] The quantum nature of the system has been identified as the origin of a new kind of reduction of the enhancement factor for CBS. 15 Qualitative analysis [16] [17] [18] and quantitative 19 comparison with experiments have successfully been performed. In this paper we report on the experimental measurement of the CBS enhancement factor for various atomic transitions. We also give the theoretical prediction for any single atomic transition and compare results of Monte Carlo (MC) simulations with our experimental data. The experimental and numerical results shown in this paper thus represent our complete set of data available to date on CBS of light by cold atoms, illustrating in detail the influence of the internal structure of the atoms. This paper is organized as follows. In Section 2 we recall the basic principles for the calculation of the CBS signal, including the description of the particular aspect when atomic scatterers are involved. In Section 3 we describe the principle of our MC simulation, a necessary technique when one attempts a quantitative comparison between theory and experiment. Section 4 is devoted to the description of the experiments. The comparison of the CBS data obtained with laser-cooled rubidium and strontium vapors and different transitions confirms the validity of the theoretical treatment.
COHERENT BACKSCATTERING AND ATOMIC DIPOLE TRANSITIONS
When a wave is scattered from a disordered medium, the interference between all partial waves creates its ''fingerprint,'' the speckle pattern. An average over random configurations washes out the interferences between waves that have traveled along different scattering paths, which produces the smooth, diffuse intensity that is familiar to us from the view of natural objects such as clouds or white paint-with one exception: In exactly the backscattering direction, partial waves that have traveled along the same scattering paths but in opposite directions have no phase difference. The two waves interfere constructively for all paths so that this coherent backscattering (CBS), as it is termed, survives the configuration averaging and can be observed in an angular range ⌬ Ϸ 1/kl around the backscattering direction (k is the wave vector, l the mean free path inside the medium). Under optimal experimental conditions, the CBS enhancement factordefined as the ratio of total intensity at backscattering and the background far from backscattering-is 2.
To calculate the average backscattered intensity, it is in principle possible to write down the scattered speckle intensity for a fixed random configuration and average afterwards over a sufficiently large ensemble. But since CBS is a phenomenon that generally involves high orders of multiple scattering, this naïve procedure is analytically intractable and numerically too costly. A much more efficient method is to calculate directly the moments of the multiply scattered field G, i.e., the average amplitude ͗G͘, the average intensity ͗G*G͘, etc., in a way that may be sketched as follows 20 
:
1. The average amplitude ͗G͘ evolves inside an effective medium characterized by a complex refractive index. In a sufficiently dilute medium (such that 1/kl Ӷ 1), the refractive index can be calculated from the average microscopic scattering T-matrix of a single scatterer since repeated scattering from the same object may be neglected. The imaginary part of the refractive index (proportional to the inverse of the scattering mean-free-path l) describes the scattering out of the average propagating mode ͗G͘ with total scattering cross section tot .
2. If we neglect interference in a first step, we can say the average intensity ͗G*G͘ propagates with the modulus squared ͉͗G͉͘ 2 of the average amplitude calculated in step 1 between scattering processes. There, the average intensity ͗G*G͘ changes its direction of propagation according to the average differential cross section ͗d/d⍀͘ of a single scatterer.
3. The CBS contribution of counterpropagating amplitudes is obtained from the result of step 2 by a timereversal operation on one of the two amplitudes that may require some careful bookkeeping of wave vectors, polarization vectors, internal degrees of freedom, etc. Under optimal conditions (exact backscattering, parallel polarization, no internal degeneracy) the CBS contribution of any scattering order is equal to its counterpart in step 2. Then, a large CBS enhancement can be observed (up to two).
This procedure permits us to obtain analytical expressions for the intensity scattered whenever the medium has a sufficiently simple geometry-in practice, one is limited to the simple cases of an infinite half-space or a slab of finite depth. 21 A very important characteristic of the above procedure is its self-consistency: The refractive index used in step 1 and the average cross section used in step 2 are linked by an energy conservation relation that generalizes the optical theorem, valid for the scattering by an isolated, bounded object, to the above case of an effective medium. In the absence of absorption, the procedure simply states that every photon that has disappeared from the propagating beam has been scattered in another direction, and it takes the familiar form l ϭ 1/n tot , where n is the number density of scatterers with total elastic scattering cross section tot .
The first experiments of CBS with cold atoms have already shown that the microscopic properties of the atoms strongly influence the coherent light transport. Atoms have dipole transitions with extremely sharp resonances, which are welcome since they permit strong scattering with cross sections of the order of tot ϳ 2 . But the ground and excited levels usually have a large Zeeman degeneracy, resulting in a more complex situation since all possible transitions between sublevels and their coupling to the light polarization have to be considered. The configuration average over all realizations of the scatter-ing medium then must include the internal atomic quantum numbers. For arbitrary distributions, a numerical calculation of the internal configuration average would have to be performed. But inside an optically thick atomic cloud, the atoms are expected to be distributed statistically, i.e., with equal probability over their internal states. In this case, the internal average restores the local invariance under rotations and can be done analytically. Indeed, the average differential cross section for the scattering of a photon with polarization ⑀ to ⑀Ј from an arbitrary closed dipole transition F → FЈ reads
where the information about the internal degeneracy is contained in the coefficients w i (F, FЈ). For transitions of the type F → FЈ ϭ F ϩ 1, they are
An F ϭ 0 → FЈ ϭ 1 dipole transition corresponds to w 1 ϭ 1, w 2,3 ϭ 0, and we recover the well-known case of an isotropic dipole scatterer. The self-consistency or energy conservation mentioned above here implies the sum rule w 1 ϩ w 2 ϩ 3w 3 ϭ 1. The CBS contribution (see step 3 of the above procedure) involves the same average scattering cross section but with exchanged coefficients w 2 ↔ w 3 . It is evident that w 2 w 3 for any finite F Ͼ 0, such that the CBS contrast will be reduced. Figure  1 shows the CBS enhancement factor for the four usual polarization channels and closed dipole transitions of the type FЈ ϭ F ϩ 1 in the simple geometry of an infinite half-space. The four polarization channels are defined by the incident and detected polarization of the light: two linear channels with a linear incident polarization and the detected polarization either parallel (linʈlin) or orthogonal (linЌlin) to the incident polarization, and two circular channels where the helicity of the detected light is either the same (hʈh) or opposite (hЌh) to the incident helicity. The reduction with respect to the nondegenerate isotropic dipole F ϭ 0 is dramatic.
However, in the case of light scattering by cold atoms, the atomic cloud does not have the simple slab geometry, but rather a spherical symmetry. Moreover, the cloud has an inhomogeneous average density that decreases from its maximum value at the trap center towards zero roughly like a Gaussian. This unusual geometry influences the CBS peak height and shape, and must be taken into account for a quantitative comparison between theory and experiment, as explained in Section 3.
MONTE CARLO SIMULATION
Although the fundamental processes at work in the atom-light interaction are well understood, an exact calculation of the CBS cone is in general impossible. This is because the scattering medium-in our case a cold atomic gas produced in a magneto-optical trap (MOT)-has a rather complicated shape. The density of scatterers is maximal at the center of the trap and has approximately an isotropic Gaussian distribution
where n 0 is the density at the center of the trap and r 0 the rms radius of the trap. The maximum optical thickness of the sample is obtained along a diameter:
We chose to use a MC method to calculate the enhancement factors, shapes, and angular widths of various CBS cones. On the other hand, our numerical calculation takes into account exactly the internal structure of the atom. Since all possible hyperfine dipole transitions are well separated on the scale of the linewidth ⌫, we consider only quasi-resonant light scattering induced by a closed hyperfine transition. When an atom scatters the incoming light, the atom may stay in the same Zeeman sublevel-this is a Rayleigh transition-or change its magnetic quantum number-this is a degenerate Raman transition. In both cases, at weak laser intensities, and if recoil and Doppler effects are negligible (which one expects to be the case for our cold atomic cloud), the scattered photon has the same frequency as the incoming photon: the scattering is elastic. The scattering amplitude by a single atom depends on the initial and final Zeeman sublevels, on the scattering direction, and on the incident and scattered polarizations. 16 As the atoms produced in a MOT are not in well-defined internal states, but rather in a statistical mixture of Zeeman states, the calculation of the CBS cone requires, in addition to the usual position averaging, an averaging over the possible internal ground states of the atom. We perform the average over the positions of the scatterers with a MC method and the average over the internal degree of freedom analytically by employing the average atomic scattering vertex. 16, 17 The details of the method are given in Ref. 13 . The essential assumption is that all Zeeman sublevels in the ground state are equally populated, without any coherence between sublevels. This is a reasonable assumption pro- vided no optical pumping takes place in the medium. Our MC method is flexible, as it makes it possible to compute the CBS cone for an arbitrary spatial repartition of the scatterers. It is important to note that all the parameters in the numerical calculations (optical thickness of the medium, shape and dimensions of the atomic cloud, and geometrical properties of the incoming laser beam) have been experimentally measured, which means that the CBS cones that we calculate have no adjustable parameter.
The algorithm basically consists of launching a photon randomly on the atomic gas (with a probability distribution given by the incoming laser beam), letting it propagate in the medium according to the Green's function discussed above, selecting randomly the position of the first scattering event, scattering it in a random direction and with a random polarization chosen according to the probability law in Eq. (1), letting it propagate until it reaches the (randomly chosen) next scatterer, etc. The full procedure is restarted as soon as the photon exits the medium. Because the mean free path is not constant inside the medium, the propagation in the medium is not a simple exponential decay, but rather the cumulative extinction following the path of the photon, which is trivially calculated once the density of scatterers is known.
Along each multiply scattered path, the contribution to the experimental signal is computed. For the background (outside the CBS cone), it is simply the intensity of light carried by the path (the so-called ladder diagrams or step 2 of the calculation procedure discussed above), which means that interference effects are not present. On the other hand, we also calculate the contributions of the so-called maximally crossed diagrams (step 3), which are the dominant contributions to the CBS cone: They arise from the interference between a path and its timereversed companion. In the MC calculation, we thus compute along each path not only the (squared) amplitude of the direct path, but simultaneously the interference term between the direct and the reverse amplitudes. Special care is needed when considering the polarization state of the photons. Indeed, given a multiple scattering path, the contributions of the possible polarizations of the photon must be carefully taken into account. This implies that two polarization tensors (one for the ladder contribution and one for the crossed contribution) must be simultaneously propagated in the MC calculation. The ladder polarization tensor is characterized by the three coefficients w 1,2,3 described above. The crossed polarization tensor is easily handled in the MC calculation through the substitution w 2 ↔ w 3 . 16 Altogether, the extra cost to be paid for atomic scatterers is rather modest. Note that, even for parallel polarization channels, the complication introduced by the atomic structure breaks the equality of the ladder and crossed contributions at exact backscattering. This is why enhancement factors smaller than 2 (and usually much smaller than 2, except for the F ϭ 0 → FЈ ϭ 1 transition) are observed.
We have checked the consistency of our approach by performing the average over the internal degrees of freedom by a MC approach instead of using the analytically known scattering vertex. In this alternative approach, the internal Zeeman substate of each scatterer is chosen randomly (with a uniform distribution), and the photon is scattered randomly following the scattering cross section of this specific Zeeman substate. We checked in simple cases that this naïve approach gives exactly the same results as the more sophisticated method using the analytically known scattering vertex. Of course, the sophisticated method is much more efficient and a CBS cone can be calculated in a few minutes of computer time with an excellent signal-to-noise ratio. On the other hand, the naïve method is more flexible. For example, it makes it possible to compute separately the contributions involving only Rayleigh transitions and the contributions in which at least one atom makes a degenerate Raman transition and ends in a different Zeeman substate.
EXPERIMENTS A. Experimental Procedure
The experimental setups and procedures used to record CBS signals are essentially the same in the rubidium and strontium experiments, and have been described elsewhere. 9, 11 We illuminate the atomic cloud with a quasi-resonant, collimated, Gaussian beam whose polarization is usually linear or circular. The backscattered light is collected through a beam splitter and directed onto a cooled CCD. The far-field intensity distribution is readily obtained by placing the CCD in the focal plane of a lens. The detected light polarization state can be selected: It is usually either parallel or orthogonal to the incident state. The experiment time sequence includes a preparation period (10-30 ms) in which the atoms are trapped and cooled and a detection period (Ϸ1 ms) in which the MOT is switched off and the CBS cone recorded. This detection window is short enough that most of the atoms are recaptured when the MOT is switched back on. The CBS image is obtained with one single CCD exposure covering several thousand of such preparation-detection cycles. A synchronized mechanical chopper blocks the CBS detection path while the trap is on to shield the detector from the intense fluorescence from the MOT. To remove stray light contributions, we substract from the CBS image a background image taken in identical conditions but without cold atoms. To improve the signal statistics and extract reliable measurements of the cone contrast and angular width, we can perform an angular average of the image. This procedure is valid as long as the CBS peak is azimuthally symmetric around its center. As will be seen later (Subsection 4.C), this is not always the case.
The rubidium MOT ( ϭ 780 nm) is loaded from a dilute thermal vapor in a quartz cell. By using six large laser beams (diameter 4 cm, total power 200 mW), we are able to trap up to 7 ϫ 10 9 Rb 85 atoms in a quasi-Gaussian cloud of FWHM 5-7 mm and rms velocity v rms Ϸ 0.15 m/s. The optical thickness, which determines the amount of multiple scattering inside the sample, is routinely 30-40 on the F ϭ 3 → FЈ ϭ 4 transition of the D 2 line. It is quite straightforward to trap either of isotopes Rb 85 7 -10 8 atoms for a FWHM of 1 mm and a rms velocity of v rms Ϸ 1.7 m/s, much larger than in the rubidium experiment because of the lack of sub-Doppler Sisyphus cooling effects relying on the degeneracy of the ground state of the atoms. The maximal optical thickness with Sr 88 is currently Ϸ3. In the case of strontium, the ground state has zero electronic spin (S ϭ 0) and we excite a L ϭ 0 → LЈ ϭ 1 transition.
For the bosonic isotopes (Sr 86 , Sr 88 ) with zero nuclear spin (I ϭ 0), this corresponds to a F ϭ 0 → FЈ ϭ 1 transition, whereas for the fermionic isotope (Sr 87 ) with I ϭ 9/2, the F ϭ 9/2 → FЈ ϭ 7/2, FЈ ϭ 9/2, and FЈ ϭ 11/2 transitions are excited. As the optical thickness for the fermionic isotope Sr 87 is well below unity in the present setup, we have not been able, up to now, to exploit this isotope for coherent backscattering. The Sr 86 and Sr 88 isotopes both have a F ϭ 0 → FЈ ϭ 1 transition and are thus equivalent with respect to coherent backscattering. Figure 2 shows the CBS profiles (circles, angular average) obtained from a sample of Rb 85 (optical thickness ϭ 26)
B. Coherent Backscattering Enhancement and Width
for light tuned to the F ϭ 3 → FЈ ϭ 4 transition of the D 2 line. Note the small enhancement factor in all channels, especially in the hʈh channel where it is only 1.05 instead of the 2 for classical samples. These small values result from two processes: (1) the contrast reduction mechanism described in Section 2, which is a fundamental consequence of atomic level degeneracy, and (2) the single-scattering contribution that is present in all channels as a result of the degenerate Raman transition. Indeed, as shown by Eq. (1), there is no zero in the differential cross section for backward scattering as soon as w 2,3 0, i.e., for any transition other than F ϭ 0 → FЈ ϭ 1. The solid curves are the MC simulations with the parameters of the cloud, i.e., without any adjustable parameter, as noted above.
In Fig. 3 we plot the results of a CBS experiment on a cold cloud of Sr 88 for which we used light resonant with the F ϭ 0 → FЈ ϭ 1 transition. As can be immediately seen, in the absence of an internal structure in the ground state, one recovers an enhancement factor close to the theoretical value of 2 in the hʈh channel. This finding is an important confirmation of the validity of the theory developed above.
We have also performed CBS experiments on other atomic systems. For instance, Fig. 4 shows the CBS profiles obtained with Rb 87 (F ϭ 2 → FЈ ϭ 3), together with the MC simulations. The overall result is very similar to the data of Fig. 2 , as expected from the theory (see Fig. 1 ). One can note that the relative values of the enhancement factor between the four polarization channels are in excellent agreement with the MC simulation. However, a small overall difference appears: The experimental values are slightly above those of the MC simulation in Fig.  4 . Several systematic effects can be invoked to explain such a difference, e.g., a nonuniform distribution among the Zeeman sublevels or optical pumping induced by the CBS probe. A more detailed analysis of different possible effects not included in the present MC simulation is presented in Ref. 13 . In the absence of an internal structure in the ground state, an enhancement factor close to 2 is recovered in the hʈh channel, as is the case with classical samples.
We have also verified that the F ϭ 0 → FЈ ϭ 1 transition for the Sr 86 isotope exhibits the expected enhancement factor of 2 in the helicity-preserving channel as predicted for any closed F ϭ 0 → FЈ ϭ 1 transition.
In Table 1 we summarize the results of all our measurements and compare them to the analytical prediction for a semi-infinite medium including all scattering orders. As the finite size and the geometry of our samples have a measurable effect on the enhancement factor, we also show the results of MC simulations (based on the theory described in Section 2). The parameters included in the
. The MC approach is necessary to take into account the distribution of scattering orders in the sample and their relative contribution to the CBS interference. In the absence of internal structure and in the hʈh channel, all orders have the same, maximal contribution to the interference, and the enhancement factor is independent of the optical thickness. This explains the good agreement between the theoretical prediction for a semi-infinite medium and the experimental data for the F ϭ 0 → FЈ ϭ 1 transition in this polarization channel, even though the optical thickness in the experiment is only b ϭ 3. This also is at the origin of the large discrepancy in particular in the two linear channels, as the various orders of scattering contributing to the cone differ a lot between a semi-infinite medium and a cloud of optical thickness of b ϭ 3. On the other hand, in the F Ͼ 0 case (and in all polarization channels), the contribution to the interference decreases exponentially with increasing scattering order. 13 Thus, the CBS peak for an optically thick sample is still dominated by double scattering, and one finds that the CBS enhancement is roughly constant for b Ͼ 10, with a slow decrease for larger b towards the limit corresponding to the semiinfinite medium (see Fig. 1 ). 19 Let us now address the question of the respective contribution of Rayleigh transitions (no change of internal state) and degenerate Raman transitions (change of internal state) in the CBS interference. Indeed, CBS is a twowave interference phenomenon involving several atoms and a photon multiply scattered by these atoms along two time-reversed paths. The two paths interfere if and only if the final states along the two paths are not orthogonal. This implies in particular that the atomic states after the multiple scattering must be identical along the two reversed scattering paths. This implies in turn that each atom makes the same type of transition along the two paths. On the other hand, there is no necessity that the final atomic state be identical to the initial atomic state. Thus, an atom may well perform a degenerate Raman transition (the same one along the two reversed paths) and contribute to the CBS signal. The theory summarized in Section 2 treats both Rayleigh and Raman contributions on the same footing and predicts a Raman component of the CBS peak that can even dominate, depending on the polarization channel. 16 Whereas it is difficult to isolate analytically the consequences of including Raman processes, this can easily be done in a MC simulation. Figure 5 shows MC simulations of the CBS peaks in the hʈh channel for a spherical sample of uniform density and optical thickness b ϭ 10 (F ϭ 3 → FЈ ϭ 4 of Rb 85 ). The bold curve corresponds to both Rayleigh and Raman processes, while the light curve is ob- tained by removing the Raman contribution to the interference (i.e., the incoherent Raman approach). The peak without Raman contribution is clearly not consistent with the observed signal (see Fig. 2 ).
C. Cone Symmetries
So far, we have analyzed the height and width of the CBS peak but not its azimuthal shape. The CBS signal is proportional to the Fourier transform of the diffuse intensity distribution on the front surface of the sample. Since low orders of scattering have an important contribution in CBS, this intensity distribution is affected by possible anisotropies in the radiation pattern, as in the case for dipole scatterers. A variety of CBS shapes can thus be observed depending on the type of scatterer and on the polarization channel. 22 An example is shown in Fig. 6 , where we compare the CBS shape in the linЌlin channel for Sr 88 (left column: top, experiment; bottom, theory) and Rb 85 (right column). For dipole scatterers (or a F ϭ 0 → FЈ ϭ 1 transition), the CBS peak in the linЌlin channel has a distinctive cloverleaf shape. The theoretical prediction assumes double scattering only and clearly shows the difference between a F ϭ 0 → FЈ ϭ 1 and a F ϭ 3 → FЈ ϭ 4 transition. 12 In the case of Rb 85 (F ϭ 3 → FЈ ϭ 4), the same overall symmetries are observed since the purely statistical average over all Zeeman sublevels introduces no new anisotropies, but the anisotropic features are strongly rounded.
CONCLUSION
In this paper we have shown theoretical and experimental results for coherent backscattering of light by atomic scatterers, analyzing in detail the impact of the quantum internal structure of the atoms on the enhancement factor. For all transitions studied in the experiment
, and Sr 88 (F ϭ 0 → FЈ ϭ 1)], we found excellent agreement between theory and experiment, thus confirming that any internal structure different from an F ϭ 0 → FЈ ϭ 1 transition yields strongly reduced CBS cones. The Zeeman degeneracy has an important impact on the interference contrast in CBS experiments. As we have shown, the enhancement factor is reduced even in the helicity-preserving channel as the result of a single-scattering contribution from degenerate Raman processes and a reduced ratio between the maximally crossed terms and the ladder term. The precise enhancement factor depends on the distribution among scattering orders and hence on the optical thickness, as well as on the geometry of the sample and the illumination.
As CBS is often associated with weak localization, it would be interesting to connect the measured quantities and identify common physical phenomena. One could then try to evaluate the impact of the quantum internal structure of the scatterers, clarified for CBS, on weak and perhaps on strong localization. We predict that when quasi-resonant excitation is used, the internal structure of the scatterer will have a very important effect and might possibly make the observation of strong localization of light waves by atoms with a degenerate ground state (such as Rb 87 or Rb 85 ) more difficult, if not impossible. This has been our main motivation in setting up an experiment with Sr 88 atoms where, even for resonant excitation, a L ϭ 0 to LЈ ϭ 1 transition seems to be an excellent model as proven by the experiments reported here.
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